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Documentation for Initial Seismic Hazard Maps for Haiti

By Arthur Frankel', Stephen Harmsen?, Charles Mueller?, Eric Calais®, and Jennifer Haase®

Introduction

In response to the urgent need for earthquake-hazard
information after the tragic disaster caused by the moment
magnitude (M) 7.0 January 12, 2010, earthquake, we have
constructed initial probabilistic seismic hazard maps for Haiti.
These maps are based on the current information we have on
fault slip rates and historical and instrumental seismicity. These
initial maps will be revised and improved as more data become
available. In the short term, more extensive logic trees will be
developed to better capture the uncertainty in key parameters.
In the longer term, we will incorporate new information on
fault parameters and previous large earthquakes obtained from
geologic fieldwork. These seismic hazard maps are important
for the management of the current crisis and the development
of building codes and standards for the rebuilding effort.

The boundary between the Caribbean and North Ameri-
can Plates in the Hispaniola region is a complex zone of
deformation (Mann and others, 1984). The highly oblique
~20 mm/yr convergence between the two plates (DeMets and
others, 2000) is partitioned between subduction zones off of
the northern and southeastern coasts of Hispaniola and strike-
slip faults that transect the northern and southern portions of
the island. There are also thrust faults within the island that
reflect the compressional component of motion caused by the
geometry of the plate boundary.

We follow the general methodology developed for the
1996 U.S. national seismic hazard maps and also as imple-
mented in the 2002 and 2008 updates (Frankel and others,
2000; Frankel and others, 2002; Petersen and others, 2008).
This procedure consists of adding the seismic hazard cal-
culated from crustal faults, subduction zones, and spatially
smoothed seismicity for shallow earthquakes and Wadati-
Benioff-zone earthquakes. Each one of these source classes
will be described below. The lack of information on faults in
Haiti requires many assumptions to be made. These assump-
tions will need to be revisited and reevaluated as more
fieldwork and research are accomplished.
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We made two sets of maps using different assumptions
about site conditions. One set of maps is for a firm-rock site
condition (30-m averaged shear-wave velocity, Vs30, of
760 m/s). We also developed hazard maps that contain site
amplification based on a grid of Vs30 values estimated from
topographic slope (Wald and Allen, 2007). These maps take
into account amplification from soils.

We stress that these new maps are designed to quantify
the hazard for Haiti; they do not consider all the sources of
earthquake hazard that affect the Dominican Republic and
therefore should not be considered as complete hazard maps
for eastern Hispaniola. For example, we have not included
hazard from earthquakes in the Mona Passage nor from large
earthquakes on the subduction zone interface north of Puerto
Rico. Furthermore, they do not capture all the earthquake
hazards for eastern Cuba.

Figure 1 shows the seismicity catalog that we developed
for this study. This catalog was compiled from three data
sources: (1) the U.S. Geological Survey (USGS) PDE cata-
log from 1973 to the present, (2) the Engdahl and Villasenor
(2002) catalog, and (3) the International Seismic Centre (ISC)
catalog. Dependent events (for example, aftershocks and fore-
shocks) were removed from the catalog, following the declus-
tering procedure outlined in Mueller and others (1997). The
seismicity catalog shows more earthquakes of M4 and greater
in the eastern portion of Hispaniola (the Dominican Republic)
than in Haiti. However, there have been several destructive
large earthquakes in Haiti since the 1600s (see Kelleher and
others, 1973; McCann, 2006; Ali and others, 2008).

Crustal Faults

The fault traces used for this study are depicted in
figure 2. These traces were compiled from the geological
and geophysical literature on offshore and onshore active
faults in the northeastern Caribbean. Three crustal faults
were included in the hazard calculation: the Enriquillo,
Septentrional, and Matheux Neiba Faults. To our knowledge,
the first two of these faults are the only crustal faults in Haiti
that have slip-rate estimates derived from data. The slip rate
for the Septentrional Fault is constrained by geologic mapping
(Prentice and others, 2003) and global positioning system
(GPS) measurements; the slip rate for the Enriquillo fault is
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only estimated from GPS measurements (Calais and others,
2002; Manaker and others, 2008).

For each fault, we applied a frequency-magnitude
distribution to account for the random uncertainty in the
magnitude of future earthquakes. We follow a procedure
similar to that used in the 1996, 2002, and 2008 versions
of the U.S. national seismic hazard maps. First the seismic
moment rate of each fault segment was calculated from its
estimated slip rate, segment length, and width. The maximum
magnitude of rupture (denoted here as M, or M,,,.) for
each segment was determined from the segment length and
the empirical relation between surface rupture length and
moment magnitude from Wells and Coppersmith (1994).

For the Enriquillo and Matheux Neiba Faults, the frequency-
magnitude distribution was formed by assigning 50 percent of
the seismic moment rate to earthquakes that rupture the entire
fault segment producing earthquakes with magnitude around
Mo and 50 percent of the moment release to earthquakes
that follow a truncated Gutenberg-Richter (GR; exponential)
recurrence model with minimum magnitude of 6.5 and
maximum magnitude equal to M. A b-value of 1 was used
for the GR portion of the distribution for all the faults and
subduction zones.

We found that extending the GR relation to magnitudes
less than 6.5 predicts more M5 earthquakes than have been
observed on the crustal faults. We used the spatially smoothed
gridded seismicity to capture the hazard from random
earthquakes between M5.0 and 7.0 (see section on Spatially
Smoothed Seismicity).

We included aleatory and epistemic uncertainties for
the estimates of M, in the same manner as in the 2002
and 2008 U.S. national seismic hazard maps (Frankel and
others, 2002; Petersen and others, 2008). The Haiti hazard
maps are produced from the mean hazard curves. The slip
rates, magnitude ranges, and predicted seismicity rates for all
the sources are compiled in table 1. For the Enriquillo and
Septentrional Faults, the predicted earthquake rates in table 1
are for the portion of the faults shown in red in figure 2.

The January 2010 earthquake occurred in the Enriquillo
Fault Zone, although it is not clear whether it was on the main
fault trace that produces major geomorphic features across
southern Haiti (Mann and others, 1984). Calais and others
(2002) and Manaker and others (2008) determined a slip rate
of 7 mm/yr for this fault from fitting velocities derived from
GPS measurements with a block model that accounts for
elastic strain accumulation on locked faults. Based on the fault
trace, there is a possible segment boundary at about 73 degrees
W longitude, where the fault makes a left, transtensional step
(Miragoane basin; Momplaisir, 1986). This location is also the
approximate western limit of the rupture zone of the January
2010 earthquake, on the basis of modeling of teleseismic
waveforms (Gavin Hayes, USGS, written commun., 2010),
as well as the locations of aftershocks. We treat this step as a
segment boundary to rupture on the fault. Using the relations
of Wells and Coppersmith (1994), the length of the eastern
segment of the fault yields a maximum magnitude of 7.7. We

also apply this maximum magnitude (also equal to M) to
the onshore portion of the fault west of the segment boundary.

We treated the offshore portion of the Enriquillo Fault
west of Haiti (green trace in figure 2) separately from the
rest of the fault. The procedure described above was used to
estimate M, for this portion of the fault and to calculate the
hazard. The M, determined is 7.6.

Based on historical accounts, the large earthquakes of
1751, 1770, and 1860 are inferred to have occurred in the
Enriquillo Fault Zone (Kelleher and others, 1973; summary by
Ali and others, 2008). Based on the areas of highest intensity,
the magnitude of the largest of these earthquakes is thought
to have been about M7.5 (see summary in Ali and others,
2008). Therefore, using an M, and M,,,, of 7.7, somewhat
larger than that observed historically, for each segment of the
Enriquillo Fault is a reasonable approach. Future maps will
involve a logic tree for M, on the faults.

Our model predicts an annual recurrence rate of 0.016
for earthquakes with magnitudes equal to or greater than 6.5
for the onland portion of the Enriquillo Fault (red trace in
figure 2; table 1). If we assume that the 1751, 1770, and 1860
earthquakes were all greater than /6.5 and include the 2010
earthquake, the average observed recurrence rate for M>6.5 is
0.012, comparable to the predicted rate.

The mapped fault trace of the Septentrional Fault
suggests that there are two major segments for this fault in
Hispaniola, (fig. 2). Using the length of the eastern segment,
we determined a maximum magnitude of 7.8. We assigned
this maximum magnitude to both segments of the fault. We
used a slip rate of 12 mm/yr for this fault, following the value
Calais and others (2002) determined from GPS data. This slip
rate is at the upper limit, but compatible with, the 6—12 mm/
yr rate found along the central portion of the fault by Prentice
and others (2003) from geologic offsets and trenching. The
inferred slip rates of the Enriquillo and Septentrional Faults
add to 19 mm/yr, similar to the total rate of motion of 20 mm/
yr determined for the Caribbean Plate relative to the North
American Plate (DeMets and others, 2000). Note that we treat
the portion of the Septentrional Fault west of Haiti separately
(green trace in figure 2).

For the Septentrional Fault we used a frequency-
magnitude distribution in which 67 percent of the moment rate
was taken up by characteristic earthquakes and 33 percent of
the moment rate was assigned to the truncated GR relation.
We found that using a 50/50 split produced a rate of M>6.5
earthquakes higher than that observed since 1915. The 67/33
division reduced the predicted rate of M>6.5 earthquakes by
about 30 percent.

The model predicts an annual rate of earthquakes with
M=>6.5 of 0.021 for the portion of this fault shown in red in
figure 2 (see table 1). The catalog shows a few earthquakes
with M>6 since 1915 that may have been in this fault zone
(fig. 1). Large earthquakes in 1842 and 1887 may have
occurred on the western portion of the fault (Kelleher and
others, 1973; Ali and others, 2008). Based on trenching in the
central portion of the Septentrional fault, Prentice and others



(2003) concluded that M>7 earthquakes had about a 1,000-
year recurrence time at that location. However, earthquakes
with magnitudes around 7.0 may not produce sizeable surface
displacements that could be observed in trenches, as possibly
evidenced by the M7.0 January, 2010, earthquake in Haiti.

We also included the estimated hazard from the Matheux
Neiba thrust fault. This fault is one of the thrust faults that
underlie the mountain ranges in Haiti (Mann and others, 1995).
We used a slip rate of 1 mm/yr derived from the upper bound
allowed by the current GPS-measured velocity. The only
constraint on this slip rate is the lack of significant deformation
in the GPS data so far. The trace of the Matheux Neiba Fault
has a length of 191 km, corresponding to an M, of 7.7
from the Wells and Coppersmith (1994) relations. Based on
these preliminary parameters, the recurrence time for large
earthquakes on this fault is longer than that on the Enriquillo
or Septentrional Faults (table 1). However, because this is a
thrust fault, we would expect an earthquake on this fault to
generate higher ground motions than an earthquake of similar
magnitude on the predominantly strike-slip faults (see, for
example, Chiou and others, 2008). Geologic investigation of
this fault is a high priority because of the large uncertainty in
its slip rate and the importance of assessing the hazard from
this fault for the areas north of Port au Prince. Much additional
work is needed to quantify its level of recent activity. We also
note that there are other possible faults in the Plateau Central
that are not used in our assessment here. The absence of
substantial deformation in the current GPS data for this area
provides some information on the upper limit of their slip rates.

Subduction Zones

Active subduction zones are located off the northern
and southeastern coasts of Hispaniola (fig. 2), although it is
debated whether the Muertos Trough and accretionary prism
in the south have all the characteristics of a subduction zone.
The eastern portion of the northern subduction zone produced
a sequence of powerful earthquakes from 1946 to 1953.
Determinations of the surface wave magnitude of the 1946
earthquake range from 7.8 to 8.1 (see, for example, Dolan and
Wald, 1998). Focal mechanisms for these earthquakes indicate
southwestward subduction of the North American Plate. We
followed the recurrence characterization of this zone used by
Mueller and others (2010) in hazard maps for Puerto Rico. We
assumed that rupture of this portion of the subduction zone
occurred as M8.0 characteristic earthquakes with an average
recurrence time of 200 years. Given the area of this portion
of the subduction zone, this produces a slip rate of 11 mm/yr.
This slip rate will need to be reevaluated in some areas in light
of the motion on the Septentrional Fault.

The subduction zone is thought to continue to the west
along the entire north coast of Hispaniola. However, because
of the partitioning of slip between the subduction zone and the
crustal strike-slip faults, the slip rate of the western portion
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of the northern Hispaniola subduction zone is probably less
than that further to the east. We used a slip rate of 2.5 mm/yr
for this western portion, as determined from a new analysis of
GPS measurements by E. Calais.

We used a frequency-magnitude distribution for
interface earthquakes on this western portion of the northern
subduction zone. We assumed the maximum magnitude was
8.0, consistent with the magnitude of the 1946 earthquake.
We followed a procedure similar to that for the crustal faults.
We assigned 50 percent of the moment rate to earthquakes
with M8.0 and 50 percent to a Gutenberg-Richter distribution
with a minimum magnitude of 7.5. Note that this minimum
magnitude is higher than that used for the crustal faults. We
found that using a lower minimum magnitude produced a
higher rate of earthquakes than observed in the historical
record. Recurrence rates derived from this slip rate are listed
in table 1. Again the hazard from smaller earthquakes along
the subduction zones is captured from the gridded seismicity
calculation (see below).

The Muertos Trough subduction zone is located south
of Hispaniola and extends eastward to south of Puerto Rico.
There is evidence that this zone ruptured in a large earthquake
in 1751 that produced a tsunami (McCann, 2006). A M6.7
earthquake in this area in 1984 had a thrust focal mechanism
consistent with subduction. The Enriquillo Fault appears
to merge into the Muertos Trough or the Neiba thrust fault,
although the geometry of that connection is poorly understood.
We would expect the 7 mm/yr estimated slip rate of the
Enriquillo Fault to be taken up along the Muertos Trough
subduction zone as some combination of subduction and
trench-parallel motion. Therefore, we used a slip rate of 7 mm/
year for the Muertos zone to calculate recurrence rates (table
1). We assumed that the subduction zone is fully coupled.

We used a segmentation of the Muertos Trough based on the
change of strike of the subduction zone. We applied the same
procedure as we did for the western portion of the northern
subduction zone, where 50 percent of the moment rate is
released in M8.0 earthquakes and 50 percent is released in a
Gutenberg-Richter distribution of earthquakes from M®6.5 to
MS.0.

The model for the Muertos Trough predicts an annual
recurrence rate of M>7.5 earthquakes of 0.008 when the rates
from both segments are added. The last such earthquake on
this zone apparently occurred in 1751. However, other large
earthquakes in the 1600s may also have occurred in this zone.
Thus, it is problematic to assign a long-term rate of large
earthquakes on this zone to test the model. The predicted rate
could be lowered by increasing M, for the zone or by giving

higher weights to models with larger magnitudes.

Spatially Smoothed Seismicity

We followed the procedure of Frankel (1995) to calculate
the hazard from background shallow earthquakes using the
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spatially smoothed seismicity. Maximum likelihood a-values
were determined for grid cells 0.1 by 0.1 degrees in latitude
and longitude. These seismicity rates were then spatially
smoothed using a Gaussian function with a correlation
distance of 50 km. This background hazard was calculated
for earthquakes between 5.0 and M7.0. We used finite
faults with random strikes when determining the hazard from
earthquakes greater than A£6.0.

First we estimated completeness times for the
instrumental catalog using plots of cumulative number of
events above a certain magnitude threshold as a function of
time. We found that the catalog is approximately complete
for M4.0 and larger earthquakes since 1963 and for #/6.0 and
larger shocks since 1915. These magnitude thresholds were
applied when calculating the maximum-likelihood a-values
for each grid cell.

The seismicity was divided into three depth ranges (0—40
km, 41-100 km, 101 km and deeper) and a seismicity rate grid
was constructed for each depth range. Using earthquakes since
1963, we found a maximum-likelihood b-value of 0.74+0.07
for the declustered catalog of earthquakes with depths less
than 40 km, as well as for events between 41 and 100 km
depth. Rounding to the nearest 0.05, we used a b-value of 0.75
in the hazard calculation for all depth ranges.

For the purposes of the hazard calculation, we used a
depth to top of rupture of 10 km for the seismicity rate grid
based on earthquakes shallower than 40 km, noting that the
number of earthquakes in most locations generally decreases
with increasing depth. A depth to top of rupture of 60 km
was specified for the hazard calculation from the seismicity
grid of earthquakes between 41 and 100 km. A 120-km depth
was used for the hazard calculation for earthquakes deeper
than 100 km. Different attenuation relations were applied
for the earthquakes of less than 40-km depth and the deeper
earthquakes (see section on Attenuation Relations).

Attenuation Relations

We used the same set of attenuation relations (ground-
motion prediction equations) as applied in the western portion
of the 2008 version of the U.S. national seismic hazard maps
(Petersen and others, 2008). For the three crustal faults and the
gridded seismicity at depths less than 40 km, three of the Next
Generation of Attenuation (NGA) relations were implemented
with equal weighting: Boore and Atkinson (2008), Campbell
and Bozorgnia (2008), and Chiou and Youngs (2008). The
NGA relations are based on a global compilation of strong
ground motion records from tectonically active areas.

For the subduction zones, we used attenuation relations
developed specifically for earthquakes on the interface of
subduction zones. We applied the same attenuation relations
that were used in the 2008 national seismic hazard map for the
Cascadia region. These consist of Zhao and others (2006, 2
weight), Atkinson and Boore (2003; %4 weight), and Youngs

and others (1997; % weight). For the spatially smoothed
gridded seismicity for depths greater than 40 km we used the
global intraslab attenuation relations of Atkinson and Boore
(2003; > weight) and the intraslab attenuation relations of
Youngs and others (1997; > weight).

Maps were also constructed that contain site
amplification. Here we used a grid of Vs30 values provided
by David Wald (USGS) that were determined from the
topographic slope on a 1-km grid using the method of Wald
and Allen (2007). The site-amplification factors were included
within the hazard integral. The NGA relations contain
nonlinear amplification factors as a function of Vs30. For the
attenuation relations for subduction-zone earthquakes and the
intraslab earthquakes, we applied the nonlinear amplification
factors of Boore and Atkinson (2008) to the firm-rock values.
These nonlinear amplification factors are dependent on the
peak ground acceleration calculated for a rock reference site.

Results

Our initial seismic hazard maps for a firm-rock site
condition are shown in figures 3 and 4. These maps are based
on the assumption that earthquake occurrence is Poissonian
(time independent). The maps do not include the hazard
from aftershocks. These maps are for peak horizontal ground
accelerations (PGA; percent g) for 10 percent and 2 percent
probabilities of exceedance (PE) in 50 years, respectively.

The hazard maps show that there is substantial
earthquake hazard throughout Haiti and the Dominican
Republic. The map with 10-percent PE in 50 years exhibits the
highest hazard around the northeastern subduction zone, the
Muertos subduction zone, and the Septentrional and Enriquillo
Faults. The maps with 2-percent PE in 50 years also show high
hazard along the Matheux Neiba Fault Zone. The hazard from
this fault is more prominent on the map of 2-percent PE in 50
years than on the map of 10-percent PE in 50 years because it
has a relatively long estimated recurrence time of about 300
years for earthquakes with M> 6.5 (table 1).

A map with the grid of Vs30 values derived from
topographic slope is shown in figure 5 (David Wald, written
commun., 2010). The grid spacing is about 1 km. For this
region, soils generally have Vs30 values less than 400 m/s. We
used this Vs30 grid to calculate nonlinear site-amplification
factors for the attenuation relations.

Figure 6 depicts the maps of 10-percent and 2-percent
PE in 50 years with site amplification. Areas of soil have
higher ground motions than the corresponding locations in the
rock-site maps. For example, the area of Port au Prince and the
Enriquillo Valley has increased hazard relative to its value on
the rock-site maps. Other prominent areas of elevated hazard
compared to the rock-site maps include the Cibao and San
Juan Valleys in the Dominican Republic and the Artibonite
River Valley north of Saint-Marc, Haiti. However, care should
be taken when using these maps with site amplification,



because site-specific information should be used whenever
possible. Also, the Vs30 values assigned to the lowlands from
the topography are estimates and need to be evaluated with
geological and geophysical fieldwork.

These hazard maps represent our initial attempt at char-
acterizing the ground-shaking hazard from future earthquakes
in Haiti. As the results of further geologic and geophysical
fieldwork in Haiti become available, there will be more infor-
mation on the slip rates and earthquake chronologies for the
active faults and subduction zones. These data will improve
the estimation of seismic hazard for Haiti.
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Table 1. Parameters for crustal faults and subduction zones, Hispaniola region.

Crustal fault or subduction zone ?:?“;;:T Moo My Predlct;(:’i\ggual Rate Pmdwte’f/’:;;ual Rate

Enriquillo 7 7.7 6.5 0.016 0.0053
Septentrional 12 7.8 6.5 0.021 0.0078
Matheux Neiba 1 7.7 6.5 0.0034 0.0012

Eastern and central portions of northern subduction zone 11 8.0 8.0 0.005 0.005

Western portion of northern subduction zone 2.5 8.0 7.5 0.00088 0.00088
Muertos Trough subduction zone, Neiba segment 7 8.0 7.5 0.0030 0.0030
Muertos Trough subduction zone central segment 7 8.0 7.5 0.0050 0.0050

haiti catalog (1900-Feb2010,M>4,declustered) (EVC+PDE+ISC)
* *

-Jan. 12, 2010
M7.0

d<=40
40 <d<=100
100<d

-75°

-70°

Figure 1. Seismicity for the Hispaniola region for the time period 1900-2010. Dependent earthquakes (for example, aftershocks and
foreshocks) are not shown. The earthquakes are grouped into three categories by depth (d) of hypocenter, and their magnitudes are
indicated by the size of the symbols.
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Figure 2. Crustal faults and subduction zones used in the hazard maps. Red lines denote the portions of the Septentional and Enriquillo
Faults used to calculate M,,,, and whose predicted earthquake rates are shown in table 1. Green lines denote the western portions

of the Septentrional and Enriquillo Faults that are treated separately. Blue lines denote the traces of the uppermost portion of the
subduction zone faults considered. Locations of the inferred segment boundaries used in the hazard maps are marked by arrows.



PGA (%Q) with 10% Probability of Exceedance in 50 Years
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Figure 3. Seismic hazard map of Hispaniola region with peak ground acceleration (PGA; in %g) having 10 percent probability of
exceedance in 50 years, without aftershock hazard. Fault and subduction zone traces are shown as in figure 2.
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PGA (%Q) with 2% Probability of Exceedance in 50 Years
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Figure 4. Seismic hazard map of Hispaniola region with PGA (%g) having 2 percent probability of exceedance in 50 years (1 in 2,500
annual probability of exceedance), without aftershock hazard. Fault and subduction zone traces are shown as in figure 2.
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Figure 5. Map of Hispaniola showing shear-wave velocity averaged over the top 30 m of the ground (Vs30) derived from topographic
slope. Letters to the right of color scale indicate NEHRP site classes. Figure provided by David Wald, USGS.

1"



12 Documentation for Initial Seismic Hazard Maps for Haiti

-74° -73° -72° -71° -70° -69°

| |
-74° 73 72 71 -70° -69° %g
74 -78° -72° 71° -70° -69° 380
]

" P PGA (%g) with 2% Probability of Exceedance in 50 Years | ;. |} &

18° - 18° [

|
O=NWrPrUION®O

Figure 6. Seismic hazard maps of Hispaniola using site amplification based on Vs30 grid in figure 5. Maps show PGA (% g) with (top)
10 percent and (bottom) 2 percent probabilities of exceedance in 50 years (without aftershock hazard). Irregular north-south line is
boundary between Haiti (left) and the Dominican Republic (right).
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